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ABSTRACT 
TEMPORAL AND SPATIAL VARIATIONS IN HYDROTHERMAL FLUID 
ABUNDANCES OF DEGASSING METALS ACROSS AN ERUPTIVE CYCLE: 
EXAMPLES FROM THE 9°46'- 9°5(W EAST PACIFIC RISE 
by 
Maria Florencia Meana-Prado 
University of New Hampshire, September, 2009 
The influence of eruptive activity on hydrothermal fluid trace metal abundances, 
especially those inferred to degas from shallow mid ocean ridge (MOR) magma bodies, 
remains poorly understood. These data and their variations in time and space are critical 
to improving our understanding of the quantitative links between mantle, crust, and MOR 
biological communities. Frequent sampling of hydrothermal vents at the 9°50rN East 
Pacific Rise provides an ideal suite for evaluating the evolution of vent fluid chemistry 
during eruption cycles. Fluid metal abundances are presented for metals with high 
degassing potential (210Pb, Pb and Cd) for a subset of these time-series samples. These 
results are then considered with chloride, silica, magmatic volatile and more refractory 
metal contents. Taken together, vapor-phase vents with the highest degassing signal as 
indicated by volatile contents contain elevated 210Pb/Pb. Additionally, high levels of CO2 
are associated with increasing concentrations of Cd as well as Pb. 
CHAPTER I 
INTRODUCTION 
Mid-ocean ridge (MOR) processes play a critical role in sculpting the Earth. 
MOR magmatic activity constitutes seventy percent of the annual global magma 
production (Crisp, 1984) and is responsible for more than two thirds of Earth's surface. 
Magmatism along the global MOR system generates seventy percent of the annual global 
magma production (Crisp, 1984). Hydrothermal activity, manifested as high temperature 
fluids expelled from seafloor black smoker sulfide chimneys, directly result from 
seawater circulation through the oceanic crust. These high temperature fluids in addition 
to their significant role in heat transfer between Earth's interior, through its crust to its 
surface, are also critical in the mass transfer of metals from the crust to the oceans. In 
order to enhance the quantification of metal fluxes that reach the seawater reservoir, it is 
critical first to understand the processes that influence the abundance of metals of 
hydrothermal fluid and the temporal and spatial variation of these along ridge segments 
(German and Von Damm, 2003). 
The three processes that imprint vent fluid chemistry are seawater phase 
separation, water-rock reactions and magmatic degassing. Phase separation has shown to 
determine the amount of chloride available to complex with other anions in the 
1 
system and is considered a major overarching control on vent fluid compositions. Water-
rock reactions are just as important as phase separation in influencing fluid chemistry and 
are ultimately the mechanism for leaching or exchanging elemental signatures between 
the host rock and vent fluids. The least understood of the three processes, with respect to 
significance in transporting metals, is magmatic degassing. One study (Rubin, 1997) 
suggests that more metals can be transported to the seafloor by degassing during seafloor 
eruptions than by hi-temperature fluid circulation. Volatiles can degas from the magma 
lens, travel through the 2-20 m thick chilled margin and become entrained in the seawater 
circulating through cracks and fractures within the basaltic oceanic crust. Given that the 
MOR system is so interconnected between its magmatic, crustal and hydrothermal 
systems, there should be a chemical fingerprint of degassing decipherable in 
hydrothermal vent fluids that would indicate if degassing is an ongoing process or 
whether it is most enhanced during eruptions. 
The chemical evolution of high temperature vent fluids at the East Pacific Rise 
(EPR) has been documented throughout a full eruptive cycle that began in 1991. 
Complete chemical characterization of these fluids throughout the cycle has been made 
possible through the expertise, dedication and initiatives of Dr. K..L. Von Damm to set up 
a time-series of sampling for the hydrothermal field along the fast-spreading EPR. 
The EPR (Figure 1) is only one of two bare basalt places on the global MOR 
known to have high temperature vent fluids with extremely high carbon dioxide (CO2) 
concentrations (Lilley et al., 2003). Unusually high concentrations of CO2 and 3He were 
first sampled at the EPR in December 1993 and March 1994 (Lilley et al., 2002). The 
signal was first observed at M vent and later propagated as far south as TWP (Lilley et 
2 
al., 2002). These high, mantle originated, CO2 contents provide compelling evidence for 
a near surface degassing magma lens (Lilley et al., 2002). The EPR is a unique study 
location with a uniquely strong magmatic degassing signal where the implications for 
magmatic degassing and other processes can be identified utilizing the temporal and 
spatial chemical record of these vent fluids. 
This study capitalizes on pre-existing samples and major element data. In 
addition to the interpretation of these data and the geologic context of the sampling 
localities, this work contributes new analyses of trace metal constraints (specifically Pb, 
Cd and 210Pb activities) on the magmatic degassing component of the hydrothermal 
system vent fluids. The role of 210Pb in the system has implications for models that use 
this radionuclide for its time-keeping properties combined with the "closed-system" 
assumption. However, within the long chain of the intermediate daughters that make up 
the uranium series is 222Rn and 210Pb, both containing volatile properties, have the 
potential to degas from the melt lens into an overlying hydrothermal fluid system. 
Evidence for 210Pb and 222Rn degassing has implications for models invoking 
uranium series systematics including: magma transport/ascent rates, dating of recent 
eruptions, and timescales of hydrothermal fluid circulation. 
Previous work has established that hydrothermal vents can have wide ranging 
chemical signatures as each vent is really a unique chemical reaction pathway and may be 
indicating effects of different processes (e.g. Von Damm, 2004). Accordingly, several 
vents must be studied to decipher the processes most representative of the entire system 
(Von Damm et al., 1995). For this reason, this study focuses on six individual vent 
systems covering a wide range of fluid compositions from brines and vapors located at 
3 
the center of the CO2 maximum to brines and vapors located farther south of the 
degassing signal. 
In addition to considering the spatial perspective, this study also considers the 
temporal perspective. An enhanced understanding of the flux of trace metals to the 
seafloor requires consideration of the magnitude of temporal fluctuations. For this reason, 
four different time points spanning a three-year period were included. The last sampling 
time point for the trace metal data set presented captures the post-eruption period. 
Chemical signals and field observations indicate that the event has greatly impacted this 
region. This sampling point is significant in understanding the time scales needed for the 
system to return to normal non-eruptive metal fluxes. 
4 
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Figure 1 Location map of EPR 9°46'-52'N with the red outline of the most recent 2005/2006 
eruption, the black trace line defines the axial summit trough (AST) and yellow diamonds 





Mid-Ocean Ridge Magmatic Processes 
Mid-ocean ridges are divergent boundaries where two tectonic plates are 
spreading away from each other, in this case the Pacific and Cocos plates. The convecting 
mantle undergoes decompression melting when convection cells move ductile mantle 
material to lower pressure. As the mantle moves to shallower depths, the partial melting 
is thereby induced at lower temperatures. The melt fraction becomes buoyant and travels 
to the seafloor. The magma will erupt onto the ocean floor from an eruptive fissure within 
the axial summit trough (AST), producing dike intrusions, and/or erupting from off-axis 
fissures (Kurras et al., 2000). 
Geological Setting: East Pacific Rise 
The East Pacific Rise is a fast spreading center with a full opening rate of 11 
cm/yr (Carbotte and Macdonald, 1992). The ridge segment of interest is bounded by the 
Clipperton transform fault to the north and the Siqueiros transform fault to the south. The 
heat source inducing seawater convection is the magma lens located on average less than 
6 
1.5 km beneath the mid-ocean ridge seafloor at the East Pacific Rise (EPR) (Detrick et 
al., 1987). 
The ridge segment area north of 9°45TSI was explored in April 1991 by an 
interdisciplinary team of scientists less than a month after a volcanic eruption took place 
(Haymon et al., 1993; Rubin et al., 1994). The eruption filled the AST (Haymon et al., 
1993) and wiped out most of the local hydrothermal vent structures and associated 
biological communities along the 18 km ridge segment. This finding ultimately led to a 
wide range of interdisciplinary temporal studies that include: post-eruption fluid 
chemistry evolution, species colonization time scales and the application of Po- Pb 
dating of freshly erupted basalt samples to date the eruption. 
Most recently, a second eruption occurred along the same length of ridge segment 
which also had a direct effect on the hydrothermal and biological systems (Figure 1). 
Both vent fluid chemistry and increasing seismicity over the four years leading to the 
eruption were indicative of an imminent eruption (Von Damm, 2004). Unlike the 1991 
eruption, the sulfide structures remained intact throughout the 2005/2006 eruption (Von 
Damm et al., 2006). There is ongoing debate with respect to more exact date constraints 
of the eruption(s), however, seismic activity, hydrothermal vent hi-temperature logs and 
Po- Pb ages of erupted basalts agreed that most of the eruption occurred from fall of 
2005 to early winter of 2006 (Rubin et al., 2008; Tolstoy et al., 2006; Von Damm et al., 
2006). This event was estimated to have erupted a volume 4-5 times greater than the 
1991-1992 eruption; lava flow mapping not only quantified the eruption but also traced 
the eruption extent beyond the AST (Soule et al., 2007). Additionally, the greatest 
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seafloor erupted volume coincides with greatest concentration of high temperature vents 
along the segment (Soule et al., 2007). 
Three hydrothermal vent fluid sampling time points capture the system pre-
emption. The post-eruption period was characterized throughout three sampling periods; 
however, due to the short duration and interdisciplinary goals of the June 2006 response 
cruise, not all of the vents considered for this study were sampled. Furthermore, the 
December 2007 samples had not equilibrated with respect to Po and Pb when the 
analytical work for this project began. The post-eruption sampling point considered here 
is from the late November/early December 2006 cruise, which is roughly one year 
following the eruptive period. This time point and future analysis of the December 2007 
time point are fundamental in understanding the large scale temporal and vent scale 
impact of the eruption on hydrothermal circulation time scales as well as metal transport 
to the seafloor. 
The six different vent systems used for this study were carefully chosen based on 
prior knowledge of their chemical compositions and their potential to be linked to the 
specific processes of interest. Vents M, P, Bio9 and B9' are a selection of the northern 
cluster of hydrothermal vents at 9°50TSf. Included in the southern cluster are vents V and 
L located between 9°46'-47'N. 
The highest CO2 signal from 1992-2004 was sampled at M vent; located on the 
eastern wall of the AST. Roughly 700 m south of M, located along the 1991 eruptive 
fissure and just 5 m apart, are Bio9 and Bio9' (Haymon et al., 1993; Fornari et al., 1998). 
This is considered the 'bulls-eye' region of the 2005-2006 eruption which was also 
known as the 'hole to hell' of the 1991 eruption (Haymon et al., 1993). This is an area 
8 
where the AST widens and a large fraction of stable high temperature and diffuse flow 
smokers are found (Von Damm, 2000). Both Bio9 and Bio9' contain the second highest 
measured CO2 sampled for the EPR. In order to represent a full CO2 range at this high 
degassing location, P vent was also included in this study. P vent is located along the 
1991 eruptive fissure within the AST roughly 40 m south of Bio9 and Bio9'. Over the 
years the sampled chimney orifices have grown on top of a roughly 1 -3 m tall sulfide 
mound (Fornari et all, 2004). 
The southern cluster of vents located -5.5 km south of Bio9/9' is also located 
within the AST. Though they are not at the center of the eruption, their fluid chemistries 
following both eruptions were significantly impacted. Both L and V were chosen for this 
study to fill in the low CO2 range of vent fluid compositions. The most southerly vent in 
this suite is L vent, containing the lowest CO2. 
From Seawater to Hydrothermal Fluid 
Vent fluids form through a series of chemical and physical transformations at 
different stages of the hydrothermal cycle. For simplicity in discussing a very complex 
system, the hydrothermal network is reduced to a one cell model as first described in Von 
Damm (1995) and German and Von Damm (2003) (Figure 2). Alteration begins with 
cold/dense seawater percolating through cracks and pore spaces into the newly created 
lithosphere where heat is transferred via conduction from the cooling magma body to the 
basaltic crust (German and Von Damm, 2003). 
9 
Figure 2 MOR Schematic of hydrothermal fluid circulation flow through cell model after Von 
Damm (1995). 
Down-flow zone water-rock reactions 
As seawater circulates through the crust in the downflow zone to temperatures of 
~130°C, it loses most of the sulfate and calcium by anhydrite (CaS04) precipitation 
(Shanks et al., 1981; Sleep, 1991). To explain the lack of sulfate in hydrothermal fluids, 
either more calcium must be leached from basalt or the remaining sulfate reaches the 
reaction zone where highly reducing conditions transform the remainder of the sulfate to 
hydrogen sulfide (H2S). Evidence for this reaction is found in sulfur isotopes (Shanks et 
al., 1995). Given that 834S in seawater sulfate is = 21%o, 834S in basalt is ~0%o and the 
534SH2S in vent fluids is about 3-4%o, Shanks et al. (1995) estimated that roughly 75% of 
vent fluid sulfide comes from the sulfur leached during alteration of basalt within the 
reaction zone and is not subsequently significantly modified during transport to the 
seafloor. Another element nearly quantitatively lost from seawater composition is 
10 
magnesium. By convention, "pure" vent fluid is considered to have little to no 
magnesium; this is due to formation of magnesium oxy-hydroxides (Mg-OH) silicates. 
This reaction produces protons in solution and accounts for the low pH of these fluids. 
There can also be some loss of sodium in exchange for calcium from basalt through a 
process called albitization. The resulting low pH fluid will also leach metals such as iron, 
copper, manganese, zin, lead and cadmium from the host rock. 
Reaction Zone Seawater Phase Separation 
One of the main controls on hydrothermal vent fluid chemistry is chloride 
content. Since most of the dissolved metals and major cations travel as chloride 
complexes, the chloride content will directly affect the quantity of major and trace cation 
transport. The global spectrum of vent fluids contain a wide range of chloride 
compositions ranging from 30.5-1245 mmol kg"1 (standard seawater contains 540 mmol 
kg"1 chloride) (German and Von Damm, 2003). Within the EPR section of segment 
between 9°46'-51TSr this range narrows to 30.5-773 mmol kg"1. These spatial and 
temporal changes in chloride composition cannot be explained from water-rock 
interactions since there are no significant sinks for chloride (German and Von Damm, 
2003). Therefore, the changes in chloride content are a manifestation of changes in the 
pressure, temperature and composition conditions during phase separation. Similar to the 
boiling point of water resulting in a vapor and a liquid phase, seawater crosses the two 
phase curve as a function of temperature, pressure and chloride content (Figure 3). For a 
3.2% weight percent sodium-chloride solution, the critical point is at 298 bars and 407°C. 
Whether phase separation occurs below or above the critical point of seawater results in 
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sub- or super-critical phase separation respectively (Figure 3). Under subcritial phase 
separation conditions a small fraction of low-chlorinity, high-gas content vapor phase 
will separate from a larger amount of a seawater composition. Conversely, supercritical 
phase conditions will yield a small fraction of a high chlorinity, low gas brine phase also 
separated from a larger amount of seawater composition liquid (Bischoff and Spitzer, 
1989). 
The end result of phase separation is effectively a vapor and liquid (brine) phase. 
The vapor fluids are characterized by lower than seawater chlorinity, higher dissolved 
gases and lower major and trace element cations. The brines are typically characterized 
by greater than seawater chlorinity and, due to their greater density, have longer 
residence times in the crust (Von Damm et al., 1997). Therefore, brines typically acquire 
and transport higher abundances of 
major element cations (Berndt and 
Seyfried, 1990; Von Damm, 2000; 
Von Damm et al., 2003). 
The vapor and brine fluids 
are also effectively less dense than 
their surroundings (the vapors more 
so than the brines), therefore the 
need for the phase separated fluids to 
reach neutral buouyancy results in a 
Figure 3 Phase boundaries for the NaCl-H20 system as 
defined in Bischoff (1991) and Von Damm (2004) for 3.2 
wt.% NaCl solution. Red star denotes critical point of n e t vertical transport to the seafloor. 
seawater (298 bars, 407°C). 
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have been emitting low chlorinity fluids since the onset of their sampling, the fate of their 
heretofore unforeseen (or unsampled) conjugate brine pair has been a topic of some 
discussion; one potential explanation is that the associated brine may be transported more 
laterally or down slope (Von Damm, 2004). 
Determination of P,T Conditions at the Reaction Zone 
The pressure and temperature conditions at the reaction zone can be inferred from 
three independent chemical/physical parameters: temperature, chloride and silica (SiC^) 
(Von Damm, 2004). Conductive cooling of the vent fluid from the reaction zone to the 
seafloor results in measured exit temperatures that can only provide a minimum estimate 
of the temperature at the reaction zone (Von Damm et al., 1995, 2000). Calculating the 
actual temperature at the reaction zone requires knowing the depth to the reaction zone 
from the seafloor. Measured choride and silica independently provide models for 
calculating the depth to the reaction zone. As previously mentioned, if the chloride 
signature of a vent fluid is significanly different from that of seawater, then the vent fluid 
is considered to have undergone phase separation at some range of temperature and 
pressure that can be calculated. 
The second independent parameter, SiCh, can be used as a geobarometer to 
determine the depth of the reaction zone. Experimental studies found that the solubility of 
quartz (SiC^) varies as a function of pressure, temperature and chloride in seawater (Von 
Damm et al., 1991 and references therein). The two main assumptions made for this to be 
possible is that (1) the fluids are in equilibrium with the quartz silica phase in the rocks 
and (2) there is no loss of silica during fluid ascent to the seafloor. The semi-empirical 
13 
equation developed by Von Damm et al. (1991) can then be used to determine the 
pressure boundaries at the reaction zone needed to create the measured SiC>2 at the 
seafloor. Exit temperatures provide a minimum constraint on reaction zone temperatures. 
Chloride concentrations are also worked into this model as it also contributes to the 
solubility of Si02. 
More recently, Foustoukous and Seyfried (2007), put forth a combined Si02-Cl 
geo-thermo-barometer that uses the same fundamental principles of SiC>2 and chloride 
outlined above. They experimentally focused on a smaller pressure and temperature range 
at the critical point of seawater and two-phase region of the NaCl-KCl-H20 system. This 
resulted in a finer scale density relationship that was used to produce a higher resolution 
of the temperature and pressure boundaries associated with the dissolved SiC>2 and 
chloride measured at seafloor conditions. 
Upflow-zone Precipitation of Metals/Chimney Formation 
The mineralization processes that occur upon hydrothermal fluid ascent to the 
seafloor can significantly alter the fluid that was formed at the reaction zone phase of 
fluid circulation. High temperature fluids are typically sampled from focused flow 
chimney structures formed from mineral zoning composed of anhydrite and metal 
sulfides (Haymon, 1983). The steep temperature gradient encountered when the ~350°C 
vent fluids reaches the 2°C sea floor results in precipitation of metals. These chimney 
structures are effectively a sink for major and trace metals. While the exit temperatures of 
high temperature vent fluids are hot enough to keep the metals in solution, some loss of 
major and trace metals may occur due to mineralization and sulfide particle adsorption. 
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In general, the solubility of minerals is largely controlled by temperature, redox, 
source rock composition, pH, dissolved sulfide and chloride (Butterfield and Massoth, 
1994; Tivey et al., 1995; Seyfried and Ding, 1995). For the suite of elements discussed in 
this study the focus will be solely on the parameters controlling the mineralization of ZnS 
(Sphalerite) and the associated trace metals that are typically found in ZnS (in this study 
only Cd and Pb). 
All fluids analyzed for their metal content in this study and included previous 
studies were venting at temperatures at least >300°C at the time of fluid sampling. 
Sphalerite does not precipitate until temperatures fall well below 200°C (Zierenberg et 
al., 1984; Fouquet et al., 1988; Hannington et al., 1991; Tivey et al., 1995). Previous 
work (Ruaya and Seward, 1986) showed that unlike Cu and Fe, the solubility of Zn is-not 
so much impacted by changes in temperature but is primarily controlled by changes in 
fluid chloride abundances, redox conditions and pH. Many studies have considered the 
ratios of a particular species to chloride in order to determine if the fluids are 
experiencing net gains or losses of metals (Berndt and Seyfried, 1990; Metz and Trefry, 
2000; Von Damm et al., 2003; Von Damm, 2004). Recall, that most cations in this 
system travel as chloro-complexes. As long as the ratios over time stay more or less 
consistent then metal abundances are associated with the amount of chloride; which is 
dictated by the pressure and temperature conditions of phase separation. However, if 
chloride is changing either spatially or temporally, then this indicates a different 
controlling process. Metz and Trefry (2000) found one particular vent in the Northern 
Cleft segment of the Southern Juan de Fuca Ridge (S JdFR) that showed decreases in the 
ratio of Zn/Cl over time. They interpreted these changes to the increasing dilution of a 
15 
brine phase with altered seawater. Sphalerite dissolution from rock or sulfide chimney 
would result in higher Zn/Cl ratios. Changes in the redox conditions, pH and rates of 
fluid circulation can potentially result in increased mineral dissolution. 
From these studies it is assumed that the measured zinc abundances are a 
composite of leaching from basalt, net gain or loss from mineral dissolution/precipitation, 
the amount of chloride formed and transported out by phase separation and/or any 
potential mixing between a pre-existing brine and altered seawater (Metz and Trefry, 
2000). Since zinc, lead and cadmium have similar chemical and physical properties they 
will partition into similar mineral phases. Previous studies have found that lead and 
cadmium have a good correlation with zinc (Von Damm et al., 1985; Trefry et al., 1994; 
Metz and Trefry, 2000; Seyfried at al., 2003). 
The rare earth element (REE) distribution within the vent fluids can provide a 
second constraint on mineralization during the fluid ascent to the seafloor. Hydrothermal 
fluids are typically enriched in the light rare earth elements (LREEs) and depleted in the 
heavy rare earth elements (HREEs) (Klinkhammer et al., 1994). The over all REE 
distribution was shown to be most sensitive to high temperature alteration of plagioclase. 
A recent study (Rimskaya-Korsakova and Dubinin, 2003) of REEs in sulfide deposits 
found fractionation during sulfide formation between the light rare earths (LREEs) and 
the heavy rare earths (HREEs) attributable to the decreasing size of their ionic radii with 
increasing atomic mass. In this study neodymium (Nd), samarium (Sm) and ytterbium 
(Yb) will be used to determine if vent fluids may have experienced net gain or loss of 
metals by way mineral dissolution or precipitation. Vent fluids that have experienced a 
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loss of trace metals to sulfide minerals will have higher Nd/Yb ratios. In contrast, lower 
Nd/Yb are interpreted to indicate mineral dissolution. 
Hydrothermal Fluid Circulation/ Fluid Residence Time Scales 
Hydrothermal fluid residence time can be constrained through the use of 210Pb and 
Pb/Pb ratios. The residence time of a hydrothermal fluid is set to begin when the fluid 
reaches 200°C and ends when it exits the seafloor (Kadko and Moore, 1988). Previous 
work by Kadko and Moore (1988) on the Endeavour ridge, a slow spreading center, 
measured 2l0Pb/Pb ratios of (0.5-0.7) shown to be in equilibrium with the basaltic rock. 
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The Pb/Pb ratios along with its parent, Rn, were used to calculate the fluid residence 
time of the system required to produce the measured ratios. This model assumed that all 
710 777 
of the Pb sampled in the fluid had ingrown from Rn that was leached from the 
basaltic rock when the fluid was heated above 200°C and with no direct contribution of 
Rn from a magmatic degassing source. The normalization of Pb to Pb is required to 
account for loss of21 Pb to subseafloor sulfide formation. Under these assumptions the 
upper limit of hydrothermal fluid residence times is set to no more than 10 years. 
Influence of Magmatic Degassing on Vent Fluid Chemistry 
While phase separation and water-rock reaction controls on vent fluid chemistry 
have been well constrained, the influence of magmatic degassing remains poorly 
understood. Two diagnostic gas measurements in these fluids are the relative 
concentrations of hydrogen sulfide (H2S) and CO2. A fluid that contains higher 
concentrations of H2S relative to CO2 is likely dominated by water-rock interactions; 
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higher CO2 relative to H2S in the fluids is a signature of magmatic degassing (Lilley et 
al., 2003). The EPR vent fluids also contained very high 3He/heat ratio which is evidence 
for a magmatic source. Ratios vary between M, Bio 9 and P Vents; suggesting that there 
may even be separate magma bodies with different magnitudes of degassing (Lilley et al., 
2003). 
If degassing occurs at shallow levels, Rn may also partition to the convecting 
seawater, producing an ingrowth of 2l0Pb that is not supported from 226Ra decay. 
"Supported" refers to the presence of the daughter and the parent within a sample. 
"Unsupported" refers to a measurable daughter concentration where there is no parent 
present to account for the ingrowth. 
Rubin (1997) showed metals with the potential to degas. Mid-ocean ridge basalt 
(MORB) samples from a variety of MOR sites: EPR, JdFR, showed Po and Pb deficits. 
He proposed that these and other metals may be a significant flux to global ocean metal 
budgets. Subaereal volcanoes studies found that most metals and metalloids volatilize as 
chlorides or sulfides (Bernard, 1990). Neither chloride nor sulfur is a limiting anion in 
this system, therefore, the same is assumed true of submarine degassing species. 
Submarine volcanoes should have the same degassing efficiency as subaereal volcanoes 
(Rubin, 1997). Metals with the greatest potential to degas are, according to emanation 
coefficients compiled from different land volcano studies (Rubin, 1997), Cd, Au, Ag, Pb, 
Cu, Zn and Sn. Out of these potentially volatile elements this study focuses on Cd, Pb 
and Zn. Rubin's compilation of emanation coefficients places Cd as the most volatile of 
the three and Zn as the least volatile. 
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In this study magmatic degassing is similarly defined as in Rubin (1997) as the 
injection of gas rich magmatic fluids at magmatic temperatures from molten magma 
directly to hydrothermally altered crust, with the exception that Rubin (1997) focuses 
mainly on degassing of metals during seafloor eruptions. Here, we consider ongoing 
magmatic degassing beneath a hydrothermal system and the impact of magmatic 
degassing on vent fluid chemistry. 
In addition to enhancing mantle melting, magmatic degassing may also contribute 
to fractionation among uranium series radionuclides, primarily due to the varying 
volatility along the uranium series decay chain and, especially, the propensity of the 
heavier rare gases such as Ar, Kr, Xe, Rn to separate from the melt phase (Gerlach, 
1989). Generally, the formation of a volatile species in a magma can be considered to be 
dependent on the differential temperature and pressure the eruptive fluid must travel 
through between the magmatic source and the consequent eruption (Rubin, 1997). 
Temperature gradients during degassing (magmatic temperature-ambient temperature) 
are essentially the same in subaerial versus submarine basaltic environments (Rubin, 
1997). Pressure differentials in submarine environments are more substantive due to the 
overlying water pressure, but evidence for degassing of the gas phase during eruption of 
basalts on the seafloor is indicated by the presence of vesicles in MORB samples that 
degassed Pb and Po and variations in lava compositions resulting from varying degrees of 
melt degassing (Rubin, 1997). 
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Radioactive Decay 
Radioactive nuclides, particularly those in the uranium decay series can provide 
constraints for determining the time scales for magma ascent, transport velocities 









hydrothermal fluid circulation 
(Kadko, 1988). Radioactive 
isotopes decay at a constant rate 
dependent on the stability of the 
nucleus and form radiogenic 
daughters. The stability of the 
nucleus is positively correlated to 
the length of their half-lives; higher 
nuclear stability results from 
longer half-lives. All elements 
within the uranium decay series are 
highly incompatible with respect to 
Figure 4 The Uranium-238 decay series. Arrows point to 
direction of radionuclide decay and particle (alpha/beta) the solid phases relevant for mantle 
released. Half-lives are placed below nuclide in units of (by) 
billion years, (ky) thousand yrs., (y) years, (d) days, (m) , . . , . „ . . 
minutes; and (s) seconds. m e l t m g W l t h b u l k P a r t l t l 0 n 
coefficients ranging from 10"2 to 
10"5 (Blundy and Wood, 2003). Many of the uranium-series nuclides, including 226Ra and 
210Pb, so strongly favor the melt over the solid that the differences in their behavior are 
apparent only when very small amounts of melt are present. In simple models of melting, 
this means that the production of 2l0Pb~226Ra disequilibrium can occur only when the 
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first melt is produced (Spiegelman and Elliot, 1993). Because of these low partition 
coefficients, chemical fractionation at the onset of melting will result in uranium series 
element partitioning into the melt. The length of time it takes a radionuclide pair to return 
to equilibrium is a function of the decay rate and half-lives of the shorter lived nuclide in 
any given parent-daughter system (Figure 4). For example, the Pb— Ra nuclide pair 
will return to equilibrium on a timescale of 4-5 half-lives of 210Pb, about 100 years. 
"Ingrowth" refers to the production of an intermediate daughter by a parent. In special 
circumstances, such as when the parent is more abundant than the daughter, the ingrowth 
of 210Pb from the decaying 226Ra can be measured as a function of time. The law of 
radioactive decay is equal to A=Aoe"', where A is the activity of the parent, Ao is the 
initial concentration of the parent, t is time and A, is the decay proportionality constant 
which is unique to each nuclide (Rutherford and Soddy, 1902). This law relates how 
parent nuclide decay is an exponential function through time. 
Implications for Uranium Series from Magmatic Degassing 
Disequilibrium between two radionuclides within the uranium decay series in 
erupted lavas may provide a constraint on the time scales involved for melt ascending 
from the source melting region to the seafloor. As a result, rates of melting and melt 
movement to the seafloor can be inferred from the Pb- Ra disequilibrium if they 
occur on timescales of -100 years or less (Elliot, 2005). A recent study employing 
uranium series techniques on Mid-Ocean Ridge Basalt (MORB) erupted in 1991 from the 
EPR 9°50'N showed a 210Pb- 226Ra-230Th disequilibrium that, in a system closed since 
melting would have taken only a few decades to form. Rubin et al. (2005) used these data 
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to propose a model of extreme rapid time for magma ascent of sixty-six years. This is 
contradictory to previous physical models, which show slower ascent rates by one to 
three orders of magnitude (Kelemen et al., 1997). This rapid magma ascent model 
assumes negligible magmatic degassing. If magmatic degassing does not play a 
significant role in physical fractionation of 222Rn from the melt phase, then the measured 
2l0Pb deficit can be attributed entirely to melt formation and rapid ascent rates. Rubin et 
al. (2005) argue that alkalic Icelandic lavas with 15-33% 210Pb deficit show a pattern of 
decreasing deficit with increasing differentiation. The samples with the higher Pb 
deficit correspond with the higher Mg content. Rubin et al. (2005) concluded that higher 
Mg content suggests that the melt spent less than 100 years equilibrating with the oceanic 
crust or its surroundings as it traveled through the system, resulting in shorter residence 
time in the crust which could account for the 210Pb deficits. Their results also display an 
inverse relationship between 226Ra/230Th and 210Pb/226Ra. Since 2l0Pb enters the melt less 
readily than 226Ra, with increasing Mg content or decreasing residence time, the ratio 
decreases. 
The potential for 210Pb to degas from the magma chamber is also dismissed by 
Rubin et al. (2005) because Pb is not sufficiently volatile to have a significant impact; its 
influence is limited to 1-2% loss at time of eruption (Rubin, 1997). Given previous 
knowledge of the degassing effect on uranium series nuclides, there is a critical need to 
specifically evaluate whether degassing of Rn has occurred, as it could lead to a Pb 
deficit in the basalts. An important way to test this assumption is by evaluating the 
potential 210Pb signals in high temperature hydrothermal vent fluids that can be attributed 
to degassing. 
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Figure 5 Schematic of MOR system summarizing the main processes controlling the chemical 
signatures of vent fluids. (+/-) Indicates sinks and/or sources of major and element species found in 





Vent Fluid Sampling Protocols 
Hydrothermal fluids are collected in two different types of titanium water bottles: 
0 10 
gas tights and major pairs. Sampling methods are compared for relative Pb 
concentration as well as internal consistency. The first objective of this study is to 
determine whether one sampling method is more suitable for analyzing 210Pb content of 
vent fluids. The "majors" bottles are capable of holding approximately 750 mL and 
utilize a syringe mechanism triggered by the Alvin pilot at the desired time of sampling. 
Two bottles are paired with an inductively coupled link (ICL) temperature probe that 
records the temperature of the fluids while they are being sampled. Major bottles may 
result in loss of CO2 gas during ascent as they are not gas tight. Upon arrival on deck, 
small aliquots of vent fluid are released into different vial types for shipboard analysis 
such as hydrogen sulfide titrations, alkalinity titrations, and pH. The majority of the 
sample (>90%) is transferred to an acid-cleaned HDPE 1L bottle and stored for trace 
element analysis including 210Pb and total Pb. Any metal or sulfide residue left inside the 
bottle is removed using 18 MQ water and transferred into a bottle labeled "dregs". The 
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titanium major sampler bottle is then thoroughly rinsed out a few times, disassembled and 
cleaned between dives. The trace element bottles are acidified using ~l-2 mL of tripled 
distilled 50% hydrochloric acid. Upon arrival at UNH laboratory, they are filtered 
through 0.45 micron Nucleopore filters. The filtered fractions are dissolved using a 
microwave digestion procedure. 
The gas tight bottles are, as the name implies, capable of retaining volatiles at 
seafloor depths. The gas tight sample is extracted through a gas line, the bottle is rinsed 
with distilled water but is not disassembled between uses; accordingly, cross-
contamination for trace metals is possible. The gas tights are used to measure volatiles 
such as 3He, CO2, and CH4. Preliminary analysis of 210Pb compared gas tight samples of 
vent fluids extracted 3-4 hours after sampling and gas tight samples of vent fluids that 
were extracted approximately one month after sampling. The motivation for this 
preliminary step was to determine if there is a significant amount of 222Rn venting from 
the black smokers that was not captured in major samples. Allowing the sample one 
month to "sit" in the gas tight was to enable all of the 222Rn to decay to 210Pb resulting in 
higher 210Pb. These results showed that gas tights that were allowed to ingrow 210Pb did 
not contain significantly more 210Pb than other gas tights that were extracted 
immediately. Furthermore, the gas tights contained significantly more Pb when compared 
to major sample bottles. This additional Pb was attributed to contamination of trace 
metals in the gas tight samples. Thereafter, only majors samples were used to measure 
trace metal abundances with the understanding that sample degassing during ascent could 
leadtolossof222Rn. 
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End member calculations 
Vent fluid sampling techniques inevitably lead to variable entrainment of ambient 
seawater. As discussed earlier, vent fluids lose almost all seawater magnesium to the 
formation of magnesium oxy-hydroxides. Any excess magnesium measured in vent fluid 
samples is therefore a mixture between vent fluid Mg (~0 mmol kg"1) and seawater Mg 
(52 mmol kg"1) (Bischoff and Dickinson, 1975). Typically two to four individual samples 
are taken at each vent for any time point reported. For any given element or species (y-
axis) at any given time point a least squares linear regression is fit versus Mg and 
weighted to go through seawater Mg and extrapolate the element or species to a zero Mg 
"end member" value (Von Damm et al., 1985). While the Mg will determine how dilute 
the sample is, it will not determine if there is any reason to suspect contamination. If the 
sulfide chimney was cored during sampling, both anhydrite and sulfide may contribute to 
excess 210Pb. Sulfate concentrations that fall off the mixing line could signal sulfate 
contamination; while anhydrite contamination may be indicated by unusually high levels 
of calcium and or strontium. The samples that were analyzed for trace metals were pre-
selected for minimal seawater entrainment; their calcium and sulfate values indicated no 
evidence of chimney anhydrite contamination. 
Analytical Methods 
HR-ICP-MS Analysis: Pb. Cd and REEs 
Elemental Pb and Cd were measured at the University of New Hampshire with a 
newly installed single collector High Resolution Inductively Coupled Mass Spectrometer 
(HR-ICP-MS). The precipitated fractions were dissolved in 10% nitric acid and contained 
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high enough metal abundances that these sample fractions could be diluted by a factor of 
a thousand; thereby minimizing the amount of sample used as well as being virtually free 
of matrix effects. In order to correct for instrument drift as a function of varying room 
temperature variations, and decreasing instrument sensitivity with time, a thallium spike 
was added to correct for drift in Pb sensitivity and an Indium spike for correcting the 
changing sensitivity of Cd. Standard curves, prepared from NIST certified standards were 
used to monitor instrument drift. 
The dissolved fraction of vent fluid samples were also analyzed for their rare 
earth element (REEs) compositions. A pre-concentration method using a AG50x8 cation 
exchange resin was optimized for the pre-concentration of Sm, Nd, and Yb. Following 
ion exchange chromatography, samples were analyzed by HR-ICP-MS. A Hf spike was 
used to monitor internal drift. Concentrations were determined using a standard curve 
made from NIST certified standards. 
MCA Alpha Spectrometry 
Alpha spectroscopy is a way of measuring total Pb by counting the decays per 
minute produced as its next moderately long lived nuclide 210Po loses an alpha particle. In 
equilibrium, the activities of all of the uranium series nuclides are equivalent. Thus, by 
measuring the activity of Po, we can determine the activity of Pb (Flynn, 1968). The 
samples need to be allowed approximately five 210Po half lives (ti/2 = 138 days) to 
establish secular equilibrium, otherwise Po activity may not be equal to the Pb 
activity. Processing requires the addition of a yield monitor such as Po or Po. The 
spike is allowed to equilibrate at least one week with the rest of the sample. The Po 
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spiked sample is added to a beaker with a polished silver planchet in order to plate the 
2l0Po and 208Po. The solution is then heated to ~60°C for 6-8 hours. The dissolved 
fractions are counted for at least one week, some times more, in order to yield better 
counting statistics. The activities of some of these samples were so low that even with 
long counting times the uncertainties ranged from 2-33%. The precipitated fractions were 
counted for 3-4 days and their counting uncertainties vary from 2-20%. Duplicate sample 
analysis showed 2% agreement. 
Major Element Analysis 
The major element data reported in Table 1 were obtained via methods described 
in Von Damm et al. (1985) and Von Damm (2000). Chloride was measured by 
potentiometric titration. Some of the cations measured by flame atomic absorption 
spectrophotometry include: magnesium, zinc, sodium and calcium. Hydrogen sulfide 
from the major samplers was measured by idiometric titration. Silica was determined via 
a colorimetric method. 
Trace Metal Fractions 
All three sample fractions (dissolved, filtered and precipitate) were analyzed for 
Pb abundances and 210Pb activities in order to obtain full metal budgets for the system. 
On average greater than 90% of the Pb and 210Pb were found in the suspended fraction 
(Appendix A and B). The precipitated or "dregs" fraction was composed of the 
particulates that remain at the bottom of the sample bottle. They were analyzed in order 
to determine if they composed a significant fraction of the total budget, however, they 
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only accounted for ~l-2% of the total fraction. This fraction was not included in the final 
total sample volume corrected abundances because of the relatively insignificant 
contribution to the total fluid element budget, the large uncertainty on some of these 
analysis, and indications that these fractions are the most likely to have material that is 
not representative of the fluid composition. The Pb/Pb fractions between the fluid and 
the suspended fraction were not always uniform (Figure 6, Table 3, 4). The suspended 
fraction adsorbed most of the Pb and (210Pb); however, there were cases where more than 
50% of the Pb was found-in the dissolved fraction. This presents evidence for adsorption 
of (210Pb) onto particles; thereby, reflecting the importance of analyzing both particulate 








( PbPb) suspended 
Figure 6 Dissolved fraction of (2l0Pb/Pb) versus the suspended fraction of 
(2lTb/Pb) are shown relative the 1:1 line. Most samples fall below the 1:1 
line, indicating that 2l0Pb and Pb adsorb to the particulate suspended fraction. 
Units of (210Pb/Pb) are dpm/ug. 
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CHAPTER IV 
RESULTS & DISCUSSION 
In this section I present major and trace element abundances for the time-series 
between November 2003 and December 2006. For context, I first provide a brief 
description of how each of the vent systems evolved since the first documented eruption 
in 1991. Then I discuss the metal results and temporal/spatial realtionships across each of 
the individual vent "systems. The December 2006 time point represents the first post-
2005/2006 eruption sampling of most of the vent sites presented in this study. 
Vent Fluid Evolution from 1991-2007 
Temperature, chloride and silica contents in hydrothermal fluids provide several 
first-order constraints on the prevailing processes of hydrothermal systems. Within the 
hydrothermal systems at ~9°50TST, these data (Figures 7-9, Table 1) provide insight into 
the relative depth of water-rock equilibration and proximity to heat sources (Bischoff, 
1991; Von Damm et al., 1991; Von Damm, 2004). Interestingly several vents in close 
spatial proximity maintain overtime distinctive temperature and chemical signatures. 
These observations clearly demonstrate that each system has a unique plumbing system 
controlled by magmatic and tectonic processes within the AST region, confirming an 
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Figure 7 Vent fluid Exit Temperature record from 1991-2007 from 9°50'N East Pacific Rise. Data 
sources include: Von Damm (2004) for the 1991-2002 time series and Von Damm et al., (in prep) for 
the 2003-2007(shaded region) time series. Discrete points are individual sampling time points (the x-
axis is non-linear). Red arrows indicate an eruption event. 
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Figure 8 Vent fluid chloride data from 1991-2007 time series sampling of hydrothermal fluids at 
9°50'N EPR. Data sources as described in Figure 7. Standard seawater chloride marked by dotted 
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Figure 9 Vent fluid silica data from 1991-2007 time series sampling of hydrothermal fluids at 9°50'N 
EPR. Data sources as described in Figure 7. * Denotes data are reported in mmol kg"1. 
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M vent was first sampled in March 1992 with exit temperature of 321°C, a 
chloride content of 245 mmol kg"1, and silica content of 18.6 mmol kg"1 (Figures 7-9). By 
March 1994 its measured chloride content had risen above seawater, thus indicating it 
evolved into a "brine" compositional classification. M vent remained a brine until 
November 2004, the last time high temperature fluid was sampled from this site. In situ 
high temperature loggers recorded M vent temperatures decreasing several times in late 
August 2005 and early October 2005 and finally reaching temperatures less than 150°C 
in January 2006. These repeated fluctuations were taken as strong indications that the 
plumbing system of M vent was clearly influenced by magmatic activity associated with 
the 2005/2006 eruption sequence (Von Damm et al., in prep). Surveys taken during the 
June 2006 eruption response cruise found no evidence of high temperature venting at M 
vent. M vent is particularly interesting as its fluids contained the highest measured CO2 at 
the EPR (Figure 19A). Typically, brine fluids are expected to be depleted in volatiles and 
enriched in cation species relative to vapor fluids (Von Damm et al., 1997). The presence 
of a prolonged CO2 signal at M vent provides insight into the interworking and 
complexities of the crustal hydrologic network. 
P vent was one of the first vents sampled post the 1991 eruption, within weeks of 
disturbance; at this time (April 1991), P vent was venting vapor phase fluids -—135 mmol 
kg"1 chloride (Figure 8). From 1991-1994 the chloride end member abundances of P vent 
were significantly lower than seawater (Figure 8). Von Damm (2004) interpreted these 
fluids resulted from subcritical phase separation, ie. at temperatures <407°C (Von Damm, 
2004). P vent then entered a period of supercritical phase separation from October 1994-
April 1996, indicated by greater than seawater chlorinity (Figure 8) (Von Damm, 2004). 
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Following this brief period of supercritical phase separation chloride abundances from 
1996-2002 returned to values that indicated subcritical phase separation (Von Damm, 
2004). In November 2003 and in November 2004 P vent end member chloride 
abundances were only 1% different from seawater. In March 2004 the end member was 
precisely that of seawater (540 mmol kg"1). Given the inability to distinguish these 
chloride contents from seawater, there is no strong evidence of phase separation prior to 
fluid expulsion. The implications for the resulting metal contents of a fluid that has not 
undergone phase separation will be discussed later. After the 2005/2006 eruption, 
repeated sampling indicated that P was once again a strong vapor, including the most 
recent sampling in December 2007. Furthermore, since the 2005/2006 eruption, lower 
temperatures and higher chlorinity and silica suggest that the depth of the reaction zone 
deepened (Figures 7-9). 
Bio9 was first sampled in 1991 with a temperature of 368°C and a chloride 
concentration of 154 mmol kg"1 (Von Damm, 1995) (Figures 7 and 8). In 1994 another 
smoker (Bio9') formed a few meters from Bio9. This area continued to experience 
increasing temperatures, flourishing smokers and vent life. It became more difficult to 
distinguish which chimneys had been sampled between cruises; consequently they 
became known as the Bio9 Complex (Von Damm, 2004). Between 1995 and 1997 
seismic and chemical data indicated a cracking front event that had deepened the reaction 
zone, resulting in significant changes in fluid chemistry (Von Damm, 1995; Sohn et al., 
1998). Bio9 and Bio9' contained the second highest CO2 content in the region (Lilley, 
pers. comm.). The vent fluid chemistry, particularly silica (Figure 9) suggested ongoing 
phase separation and a shoaled heat source particularly between 1996 and 2002 indicating 
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that an eruption was imminent (Von Damm, 2004). In the sampling interval of 2003 to 
2004, the temperatures cooled by a few degrees in both Bio9 and P accompanying 
significant increase in fluid silica and chloride contents. Cooling combined with 
increased pressure provided the indication that the reaction zone may be deepening, 
perhaps in response to an intruding heat source. The Bio9 complex was at the center of 
the 2005-2006 eruption. Two years following the eruption both vents were sampled 
venting vapor fluids with temperatures ~380°C. 
V vent, first sampled in 1991 at a temperature of 78°C (Figure 7), was first found 
venting from a broken lava pillar, and by 1997 it had formed a black smoker chimney 
(Von Damm, 2000). Although the volume erupted in 2005/6 was focused north of V vent 
(Soule et al., 2007, Figure 1), the fluid chemistry a few months post-eruption showed that 
V vent was significantly impacted by the magmatic event. During the last sampling and 
observation prior to the eruption (November 2004), V vent was emitting 318°C fluids 
with 497 mmol kg"1 chloride (Figure 7 and 8). The June 2006 post-eruption cruise 
documented V vent exit temperatures as high as 405°C and fluids containing 57 mmol 
kg"1 chloride. These temperature and chloride time series data, combined with a decrease 
in 10 mmol kg"1 of silica, are consistent with a shoaling of the reaction zone in 
accordance with a recent eruption and increased phase separation (Figures 7-9). 
In 1991 L vent was sampled at temperatures of 388°C and 114 mmol kg"1 of 
chloride (Figure 7 and 8). Its chloride content reached a low of 62 mmol kg"1 in 1992, and 
its highest in 1996 (-612 mmol kg"1). All subsequent samples until after the 2005-2006 
eruption were brines, but the fluids sampled just after the eruption were vapors (Figure 
8). Approximately two years following the 2005/2006 eruption, the chloride contents 
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returned to 580 mmol kg"1, temperatures dropped to 100°C lower than pre-emption 
values and silica increased beyond pre-emption values (Figures 7-9). All three variables 
indicate that the reaction zone was deepening. 

















































































































































































































































































































In this section, I first present relationships between fluid contents to gain insight 
into the major processes controlling metal abundances in hydrothermal vent fluids. 
Accordingly, Pb, Cd, C'uPb) and z,uPb/Pb ratio results are first evaluated for links with 
other important parameters across the system. Key elemental and volatile abundance 
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data are employed as proxies to decipher the relative significance of the the 
aforementioned processes of phase separation, degassing, water-rock interactions and 
mineralization. Specifically, chloride contents are useful to distinguish phase separation, 
CO2 contents are critical for providing insight into the degree to which magmatic 
degassing influences the vent chemistry, and rare earth elements are non-volatile 
chlorocomplex forming metals that fractionate during mineralization. 
Primary Control on Fluid Metal Abundances 
The systematics of Zn, Pb and Cd have often been difficult to assess because there 
is no overarching parameter that determines their solubility. The solubility of these 
metals can be influenced by a number of different parameters such as chloride, pH, 
redox, and temperature. Zinc data from this study and two previous studies are shown in 
Figure 10. A linear regression through all but one of the 9°N EPR Zn values results in an 
R2 value of 0.72. The point excluded from the regression but plotted in Figure 10 is an L 
vent point from the post eruption time point that contains substantially more Zn per 
chloride than expected. The other studies included in Figure 10 also showed a correlation 
with an R2 of 0.70 (Trefrey et al., 1994 and Seyfried et al., 2003). When the data from all 
three studies is considered the R2 value is 0.74. Figure 10 illustrates that within the EPR 
and other systems chloride complexation is a very important control on Zn solubility. 
As previously discussed, other studies found good correlations between the 
behavior of Zinc and trace metals such as Pb, Cd, Ag, Sb. This study presents data for Cd 
and Pb (Table 2). For comparison, measured Pb and Cd abundances are compared with 
















































































































































 si +/-1 
^
 


















































































































































































































































































0 1.0 r^ 



































































































































































































































































































































































































































































































































































0 200 400 600 800 1000 1200 1400 
EMClimnolkg" 1 
Figure 10 Zn-Cl relationships in hydrothermal fluids demonstrate chlorinity exerts a major control on total 
fluid metal abundances. ' Main Endeavour Field North JdF Ridge Seyfried et al. (2003). 2 Cleft Segment 
South JdF Ridge Trefrey et al. (1994). Vertical blue dashed line represents the standard seawater chloride 
(540 mmol kg"1). 
Cadmium and zinc are also well correlated (R2 considering vent fluids from all 
three ridge segments is 0.96). While these strong correlations remain when considering 
the JdF alone (Figures 11 and 12) (Trefry et al, 1994; Seyfried et al., 2003), the strong 
correlations disappear when considering the EPR alone (R2 = 0.5 for Pb-Zn and 0.68 for 
Cd-Zn, respectively). I interpret these distinct relationships to be a manifestation that (1) 
Zn, Pb and Cd contents are primarily controlled by chloride abundances and that (2) there 
are other factors contributing to the Zn, Pb and Cd budgets within the EPR vent fluid 
systems. 
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Figure 11 Pb-Zn relationships across hydrothermal vent fluids from 9°50TSf EPR,' MEF NJdFR (Seyfried 
et al , 2003), and 2 Cleft SJdFR (Trefrey et al., 1994) are well correlated . These relationships mainly 
reinforce the importance of phase separation metal abundances. Independently, fluids from 9°50rN EPR 
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Figure 12 Cd-Zn relationships in hydrothermal vent fluids from 9°50'N EPR,' MEF NJdFR (Seyfried et 
al.,2003).2 Cleft SJdFR (Trefrey et al., 1994). Comparable to Figure 11, Cd-Zn relationships also reflect the 
role of phase separation on metal abundances. A weaker correlation between Cd-Zn highlights the 
importance of other processes such as magmatic degassing within the hydrothermal system. 
Deciphering Degassing Contribuitions 
The poorer correlation of Pb and Cd with Zn require the consideration of other 
processes impacting the trace metal abundances in vent fluids, namely the contributions 
of magmatic degassing. Some insights into the contributions of degassing to metal fluid 
abundances were provided by Rubin (2007) and references therein. Zinc, cadmium and 
lead have different volatilities in submarine basaltic magmatic systems, with zinc being 
the least likely to degas. For further consideration of the effects of degassing on metal 
abundances, the vent systems presented in this and later sections of this study are divided 





















of the highest CCVbearing vent fluids: Bio9, Bio9' and M. The lowest CC^-bearing 
fluids P, L and V constitute the "non-degassing" group. Simple linear regressions are 
used to analyze the goodness of fit between Zn, a metal less likely to degas, and Pb, a 
metal more likely to degas (emanation coefficients from Rubin, 1997: Pb = 2.6E-3, Cd = 
2.6E-1). Figure 13 illustrates the degree to which Pb and Zn abundances in the different 
classes of vents are well correlated. The non-degassing vents show a much stronger Pb-
Zn correlation than the degassers (R2 = 0.75 vs. 0.15). Though less strongly, Cd-Zn 
relationships show the same dichotomy in correlations (R2 = 0.71 vs. 0.33) (Figure 14). I 
therefore interpret the poor correlation of the degassing vent fluids versus Zn as a clear 
manifestation of contributions from magmatic degassing . 
Theoretically, 210Pb should exhibit the same chemical/physical characteristics as 
other Pb isotopes (204Pb, 206Pb, 207Pb, 208Pb) and overall Pb abundances. The 210Pb 
abundances presented versus Zn shown in Figure 15 illustrate that the difference 
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between the non-degassing and degasssing within the Pb systematics is not as 
distinctive as that of Pb and Cd. The overall correlation is not very strong (R2 = 0.55) 
when considering all vent fluids. Additionally the non-degassing fluids do not show a 
stronger correlation with Zn when the degassers are removed (R2 = 0.56). This can be 
interpreted as being part of the nature of the complex sources and sinks of 2l0Pb. The 
activity of Pb in the fluids is equal to the sum of the Pb resulting from leaching of 
basalt and 222Rn incorporated into the fluid either from leaching of basalt or by direct 
injection from magmatic degassing. This sum predominantly set at the reaction zone can 
then be added to or subtracted from by dissolution or precipitation of sulfide minerals 
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upon fluid ascent to the seafloor. In addition to magmatic degassing, mineralization 
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Figure 13 Pb-Zn relationships in hydrothermal fluids from the 9°50'N area of the EPR. Symbols denote 
fluids from particular vents as described in the legend. The trend line denoted in red "Deg-Reg" represents 
a regression through vents noted to be strongly degassing (M, Bio9, and Bio9'), while the trend line 
denoted in black "Non-Deg-Reg" represents a regression through vents with lower fluid C02 abundances, 
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Figure 14 Cd-Zn relationships in hydrothermal fluids from the 9°50'N area of the EPR. The linear fits to 
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Figure 15 Pb-Zn relationships in hydrothermal fluids from the 9°50rN area of the EPR. The linear fits to 
the "degassing" and "non-degassing" vents are continued as described in Figure 13. 
Insights into Mineralization Effects 
Rare earth element data provide a means to asses extent of water-rock interaction 
and if sulfide mineral dissolution/precipitation has occurred at any point during fluid 
migration to the seafloor and/or within the sulfide chimney structure. Within the rare 
earth elements, first consideration is given to neodymium (Nd) and samarium (Sm), 
which are extremely well correlated in Figure 16. For reference, the ratio of Nd/Sm in 
9°N EPR basalts is on average 2.90 ±0.029 (Sims et al., 2002). Interestingly, the slope of 
Figure 16 is 2.95 (the mean of the Nd/Sm in the fluids is 4.9), strongly suggesting that 
vent fluid's rare earth element chemistry represent Nd and Sm leached from the basalt. 
The proximity of the Nd/Sm of all vent fluids with the Nd/Sm in the rocks suggests that; 
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any mineralization, such as that which might occur in the upflow zone (Figure 5), does 
not significantly influence the Nd/Sm from the rock. Consideration of other rare earth 
elements, namely heavy rare earth signatures, can provide some insights into other 
processes as, for example, significant difference in ionic radii between Nd and Yb 
produces fractionation during sulfide formation (Rimskaya-Korsakova and Dubinin, 
2003). The smaller-radii Yb atoms fit more compatibly in the sites for Cu2+, Zn2+ and 
Fe2+. Vent fluid Nd/Yb is 6-20 times higher than the EPR basalt (Sims et al., 2002) 
Nd/Yb ratio of 3 (Figure 17). 
As mineralization during fluid upflow could potentially veil the original vent 
fluid signature set at the reaction zone, relationships between degassing metals with 
Nd/Yb values could potentially afford an opportunity to decipher the relative 
contributions of each of these important processes. Relationships between chloride-
normalized 210Pb activities with Nd/Yb are shown in Figure 18. Strong negative 
710 910 
correlations with Pb and Nd/Yb are interpreted as a manifestation of Pb loss to 
sulfide precipitation. The brines from this study all have relatively low 210Pb/Cl and near-
constant Nd/Yb, likely resulting from an equlibrium with the hosting basaltic rock. 
Interestingly, vapor phase fluids are much more variable. P vent which contains 
intermediate-low CO2 concentrations does not demonstrate large variations until after the 
eruption: relative to the other vent fluids it contains similar Nd/Yb ratios as the brines but 
higher 210Pb. There could be two explanations for this (1) A magmatic degassing signal 
is observed and distiguishable from the brines. (2) Given that the three clustered points 
are more or less at the critical point of seawater, these fluids have not phase separated and 
contain more chloride and more 210Pb. The nearby vapors vented from Bio9 and Bio9' 
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contain higher Nd/Yb and higher chloride normalized ' Pb relative to the brines and P 
vent. The strong negative correlations between Pb/Cl and Nd/Yb are particularly 
striking and may result from mineralization potentially driven by contributions from 
degassing metals. V vent, a vapor containing very low CO2 and geographically located 
south of the main eruption area, contains the highest chloride normalized 210Pb. Though it 
shows the same strong correlations in the 2l0Pb/Cl-Nd/Yb relationships as the two 
strongly degassing vapors, the likely explanation of this is that its strongly reducing 
conditions (indicated by elevated H2S) are a sign of water-rock interactions. 
Taken together, this analysis is helpful in that I have developed a new 
geochemical proxy (Nd/Yb) in vent fluids that may provide insight into the extent of 
which vent fluids have undergone post-equilibration mineralization. Though relationships 
with chloride-normalized metals remain complicated, inferences from other geochemical 
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Figure 16 Nd-Sm in hydrothermal vent fluids from the 9°50'N EPR illustrates the relationship between 
basalt and hydrothermal fluids. A linear regression of R2 = 0.96 (excluding one outlier) with a slope of 2.95 
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Figure 17 Nd-Yb in hydrothermal vent fluids from the 9°50'N EPR indicates fractionation in hydrothermal 
fluid LREEs and HREEs. 
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Figure 18 Relationships between Nd/Yb and chloride-normalized 2l0Pb activities provide some insight into 
the effects of mineralization during the fluid transport in the upflow zone. Bio9 and Bio9' are temporally 
negatively correlated between Nov. 2003 and Nov. 2004. V vent is temporally negatively correlated from 
Nov. 2003-Dec. 2006. (*) Units are (dpm ug"')/(mmol kg"1). EM Nd/Yb units are (nmol kg"')/(nmol kg"1). 
Temporal and Spatial System-bv-Svstem Interpretations 
In this section, I consider each vent system and its temporal evolution since each 
system is truly a unique reaction pathway, with its fluid chemical signatures manifesting 
distinct processes influencing that particular vent fluid composition. 
Anomalous High-CO^-Brine Behavior 
If degassing alone dictates the metal contents in fluids, strong links between 
magmatic degassing and fluid metal contents should correspond to excellent correlation 
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between CO2 abundances and fluid metal contents. Accordingly, it would be anticipated 
that M vent would have the highest chloride-normalized metal contents. Instead, this 
high-CC>2 brine contains metal abundances comparable to L vent, the lowest C02-bearing 
vent fluid furthest south of the 2005/2006 eruption flow (Figures 19 and 20). One 
possible explanation is that the brines represent longer crustal residence times. Longer 
residence times associated with brines are usually indicated by higher cation to chloride 
ratios relative to seawater (Von Damm, 2000). The Pb/Cl, 210Pb/Cl and Cd/Cl ratios for 
M vent are greater than seawater but not the most distinctive from all vent ratios (Figure 
21). Alternatively, another process, such as mineral precipitation, may be controlling 
metal abundances in brine fluids. The apparent metal deficiency found in M vent may 
correspond with its extinction and/or its geological location along the axial wall (Figure 
22). Either factor may serve to enhance the precipitation of metal sulfides in the 
plumbing zone, thus decoupling the CO2 signal from other indications of degassing. 
Mineralogical analysis of a stockwork sampled in 2004 from a scarp on the AST wall 
beneath M vent showed the presence of anhydrite, kaolinite as well as most of the sulfide 
minerals found in chimney structures: pyrite, chalcopyrite, sphalerite, pyrrohotite 
(Carmichael and Von Damm, 2008). The compatibility of both Pb and Cd in sulfide 
phases makes it entirely possible and likely that the hydrothermal fluids are forming 
subsurface mineral deposits and not quantitatively retaining metals during their storage 
and transit through the uppermost oceanic crust. Furthermore, M vent Nd/Yb do not 
significantly vary temporally and are comparable to L-vent Nd/Yb. This is indicative of 
M vent having reached some steady state with the source rock. 
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V and L: The "Southern" Vents 
Located furthest south of the eruption are L and V. Both L and V are off the 
magmatic degassing maximum. Their vent fluid chemistry should be a function of phase 
separation and water-rock reaction. 
V vent contains some of the highest abundance of metals and the highest chloride 
contents among the vapor fluids (Figure 20). Although CO2 is low in this system, V vent 
contains the highest H2S within the vapors (Figure 19). This suggests that water-rock 
reactions are playing a more significant role in this system for transporting metals, than in 
the northern vents. 
Though L vent has approximately the same hydrogen sulfide concentrations as V 
vent and even higher chloride contents, the metal abundances for L are lower than V 
(Figure 20). These two vents follow the same trend as the vapors (Bio9/9', P) and brine 
(M vent) at the northern section of the eruption. The brines are consistently lower in 
metal abundances while the vapors are higher and show some positive correlation with 
increasing chloride. Similar to M vent, L vent may also be experiencing the same loss of 
metals due to subsurface sulfide precipitation resulting in lower metals reaching the 
seafloor (Figure 22). Analysis of suspended and dissolved sample fractions showed the 
adsorption of metals onto fine particles, the same processes may be occurring under in 
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Figure 19 Time Series hydrothermal vent fluid proxies for (A) magmatic degassing, (B) phase separation, 
(C) mineralization, and (D) extent of water-rock interactions. The x-axis represents discrete sampling 
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Figure 20 Time Series hydrothermal vent fluid end member total metal budgets for (A) Pb, (B) Cd, (C) 
2l0Pb, and (D) 210Pb/Pb, as per convention (* ) Units are (dpm mg"')*(ug"')"'. The x-axis represents discrete 
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Figure 21 Time Series hydrothermal vent fluid end member metal-chloride for (A) Zn/Cl, (B) Pb/Cl, (C) 
Cd/Cl, and (D) 210Pb/Cl. (*) Units are in (dpm ug"')*( mmol kg"1)"1. Normalization to chloride is typically 
used to determine the additional processes (other than phase separation) that lead to increased or decreased 
total metal abundances in vent fluids (Berndt and Seyfried, 1990; Metz and Trefry, 2000; Von Damm et al., 
2003; Von Damm, 2004). Relatively high metal-chloride indicates addition of metals by either magmatic 
degassing or mineral dissolution. Relatively low metal-chloride indicates mineral precipitation and or 
dilution of vent fluid with altered seawater (as interpreted in Metz and Trefry (200)). The x-axis represents 
discrete sampling points (non-linear). Legend in (A) applies to plots A-D. Red vertical dashed line indicates 
2005/2006 eruption. 
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Figure 22 Time Series hydro thermal vent fluid end member metal-zinc: (A) Pb/Zn, (B) Cd/Zn, and (C) 
2l0Pb/Zn. (*) Units are in (dpm u£"')*(umol kg"1)"'. The relationships between Pb, Cd and Zn have been 
established, therefore, temporal fluctuations in Cd/Zn and Pb/Zn are indicative of their different emanation 
coefficients (Rubin, 1997). Bio9 and Bio9' show increasing metal-zinc leading up the 2005/2006 eruption. 
The x-axis represents discrete sampling points (non-linear). Legend in (A) applies to plots A-D. Red 
vertical dashed line indicates 2005/2006 eruption. 
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Evidence for Magmatic Degassing at Bio9 Complex 
The Bio9 complex area, located at the center of the "Bulls Eye" segment along 
this section of the EPR, provides strong evidence of links between magmatic degassing 
and temporal changes in trace metal abundances. The ratios of ( Pb)/Cl, Pb/Cl and 
Cd/Cl at B9 and B9' vary significantly in time, independent of CI concentration (Figures 
19 and 21). Given that B9 and B9' are low-chlorinity vapors, their higher ratios relative 
to the low CO2 brines may be evidence for a magmatic degassing mechanism enhancing 
metal transport. An increase in CO2 coupled with an increase in Pb from November 
2003 to November 2004 in Bio9 and Bio9' is consistent with an increase in magmatic 
degassing during the pre-eruptive phase (Gauthier and Condomines, 1999) (Figure 20). 
The ( Pb) for Bio9 and Bio9' are the only vents that show a link between metal 
variability and CO2 as a function of time (Figures 19 and 20). Throughout the time series, 
Bio9 clearly follows the CO2 time sequence. In Bio9' CO2 also generally increases from 
November 2003 to March 2004 (although not significantly within the one sigma error). 
O 1 ft 710 
Unlike in Bio9, the ( Pb) in Bio9' clearly decreases. The decrease in Pb at this time 
point corresponds to an increase in H2S at Bio9', which has been shown to be anti-
correlated with (210Pb). Subsequently Bio9' follows the same pattern as Bio9, in concert 
with a magmatic degassing signal that influences the metal abundances in these vent 
systems. 
Strong evidence for individual reaction pathways was found when comparing 
Bio9/9' and P vents. Their proximity to one another (-40 m) suggests they may be 
tapping similar reaction zone fluids, however, both these sites have been sampled 
extensively and previous work has shown these vents to have distinct fluid reaction paths 
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(Von Damm et al., 2004; Fornari et al., 2004). This data set confirms those previous 
findings. Over time both fluids have continued to evolve along distinctive pathways. 
Differences in CO2 imply different magmatic degassing contributions to their individual 
plumbing systems. Furthermore, their absolute relative abundances show that P vent 
transports more metals relative to the Bio9 complex (Figure 20). However, all metals 
normalized to CI abundances show the inverse (Figure 21). When subtracting out the 
effects of phase separation, Bio9 and Bio9' ratios are at times higher and have a higher 
variability over the course of one year, while P vent remains mostly constant (Figure 21). 
Implications for Variable Depth of Reaction on Metal Transport 
Given that depth of reaction zone proved to be critical in interpreting the results 
for the M vent time-series, a silica-chloride thermobarometer (Von Damm et al., 1991; 
Fournier, 1983; Foustoukos and Seyfried, 2007) can be used to decipher the relative 
depths of reaction for Bio9/9' and P vents. Using measured silica and chloride as a geo-
thermo-barometer showed that the depth of reaction for P vent is slightly deeper and 
hotter than Bio9/9'. The fact that the abundances at P are greater, the chloride content 
higher and the reaction zone deeper, suggests that P vent metal abundances are a function 
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Figure 23 Silica-Cl geothermobarometer taken from Foustoukos and Seyfried (2007). Time Series chloride 
and silica data for P, B9 and B9' are used to infer in situ pressure and temperature conditions. Each vent is 
indicated by symbols defined in the legend. 
Influence of Eruption 
The last sampling point of the time series is approximately one year after the 
2005/06 eruption. Post-eruption analysis of major and trace elements for all six vents 
show dramatic decreases in the concentration of chloride species (figure 19). This drastic 
decrease in mass transport was also documented over the years following the 1991 
eruption (Von Damm, 2000). Metal-chloride ratios significantly decrease following the 
eruption (Figure 21). This has been previously interpreted as being a result of increased 
phase separation and an indication for faster fluid circulation rates. The ratios decrease 
because the hydrothermal fluid does not have sufficient reaction time in the crust to reach 
a steady state. 
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The chloride and Pb-Zn ratios in all the vents increase after the 2005/2006 
eruption (Figures 21 and 22). Only V vent shows an increase in Cd and 210Pb as well. The 
increases could be a sign of magmatic degassing of Pb across all systems or increased 
water-rock reactions. It is more likely though, that because phase separation controls 
chloride content and chloride content ultimately determines the transport of metals, that a 
degassing signal is completely dampened post eruption by the controls of phase 





The vents comprising the hydrothermal system along the 9°50rN EPR segment of 
ridge are extremely dynamic, and their chemical changes leading up to and following the 
eruption provide a critical means to evaluate the processes significant in their formation 
and evolution. The variability in metal abundances among vents in proximity to one 
another (P, Bio9, Bio9') reinforces earlier findings of Von Damm (2004) that each of 
these vent systems has their own unique reaction pathways that are decoupled from one 
another. The unique observation of the metal signatures across the eruption event clearly 
show the impact of the eruption on the chemical signatures across all vents and highlights 
the widespread control of the proximity to the heat source on all individual chemical 
pathways. Nuances in the data reinforce the notion that those vents most proximal to the 
emplacement of the magma are most affected by the eruptive activity. The variations of 
metals across the vapor phase fluids is predominantly controlled by phase separation. The 
two processes occuring prior to phase separation, water-rock reactions and magmatic 
degassing, must therefore be evaluated through this lens. Mineralization during upflow is 
also critical. Consideration with other chemical data (namely rare earth elemental ratio 
data and volatile data) provide a key way to account for contributions from all of these 
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processes. My resulting interpretation is that degassing contributions to the metals 
budgets in the 9°50TSI hydrothermal fluid budgets are evident. Furthermore, though the 
effects of magmatic degassing are difficult to approach with full quantification for the 
vent system as a whole or for individual vents, the time series results are invaluable for 
understanding the magmatic degassing evolution as well as the temporal variabililty of 
metals at a fast spreading ridge. Specifically, spatial and time series analysis of chemical 
trends, namely with CO2 as the proxy for magmatic degassing and H2S as the proxy for 
water-rock interactions, provides some insights into the relative significance of these 
processes at a given time for a given vent system. Additionally, this study finds from the 
analysis of complete metal budgets for Pb and Pb that the ( Pb)/Pb value is not a 
conservative tracer through the process of mineralization reactions. That is, varying 
ratios between dissolved fluid fractions vs. suspended fluid fractions of (210Pb)/Pb 
strongly indicate adsorption of 210Pb onto suspended particles. Finally, the low metal 
abundances found in brine fluids is attributed to the presence of mineral deposits within 
the brine fluid reaction pathway that acts as a sink for trace metals, similar to the 
adsorption of dissolved metals onto particles observed within the fluid samples. 
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Appendix A: Pb abundances by dissolved and filtered fraction (f) (sample volume 
corrected) 
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